The detailed mechanism of action is discussed.
Macarbomycinis a polysaccharide antibiotic isolated from a strain of Streptomyces phaeochrornogenes by Umezawaand his co-workers in 19641}. It contains phosphorous and is a member of the group including moenomycin2), prasinomycins3) and diumycins4). Mitsuhashi, Faculty of Medicine, Gunma University.
å 2* Media: CGmedium used for S. aureus contained 10g casamino acids, 3g NaCl, 2g glucose, 250mg MgSO4«7H2O, ll mg CaCl2, 1 mg thiamine-HCl, 0.6mg pyridoxal-HC1, 2mg nicotinamide, 2g KH2PO4 and 7.3g tris per liter and was adjusted with HC.l to pH 7.4. All E. coli strains were grown in nutrient-bouillon.
Growth of bacteria:
For small scale experiments bacterial cells were grown in L-tubes, each containing 10ml of medium, with shaking at 37°C. 14CO2-Evolution from the cultures which received various 14C-labeled compoundswas à"determined as follows: Ten-ml cultures, grown in L-tubes to O.D. of 0.2 at 600mju> were transferred into U-shaped tubes partitioned by a glass-filter disc in the middle. 14C-Labeled compounds were added as indicated and incubated at 37°C under aeration from the one end of the U-tube. The exhaust air was passed through the same type vessels that contained about 10 ml of a mixture of phenethylamine and methanol (1: 1). After 60-minute incubation, the cultures were acidified by adding 2 ml of 50 % trichloroacetic acid and aeration was continued for another 60 minutes. The volume of the phenethylamine-methanol mixture was measured and the radioactivity in 1.0 ml samples of the mixture was determined in a scintillation counter. The volume of the culture fluid was measured and 3-ml aliquots were kept standing in ice for a while and then centrifuged for 10 minutes at 1,000g. The precipitates were resuspended in 3 ml of 10 % trichloroacetic acid and the radioactivity of 1.0ml samples of each fraction of culture fluid was determined as above and quenching was corrected by external standardization. The total radioactivity for each fraction was calculated from its volumeand the corrected radioactivity of each 1.0 ml samples.
Viable counts:
and duplicate samples of the final dilutions were spread on nutrient-bouillon agar plates. 
Ala-14C-D-Ala was prepared by the procedure of Neuhaus and Struve using enzymes from Streptococcus faecalis R14). UDP-MurNAc-L-Alaà"D-Gluà"meso DAPà"14C-D-Alaà"UC-D-Ala was kindly provided by Dr. K. Izaki, Faculty of Agriculture, Tohoku University. The particulate fractions from S. aureus FDA209P and E. coli Y-10 were obtained after grinding cells with quartz sand. After incubation, reaction mixtures were subjected to paper chromatography on Toyo No. 514 filter paper in isobutyric-1 N NH4OH(5:3). Peptidoglycan synthesized remained at the origin of the chromatogram. Lipid intermediate formed and alanine released by the transpeptidase and carboxypeptidase activity of E. coli particulate fractions were detected on the filter paper by autoradiography. These spots were excised and counted in a liquid scintillation counter. The details of the above procedures were identical with that described by Strominger et al.13) Cell walls from S. aureus FDA209P were prepared by sonic disintegration of cells and repeated centrifugations according to the method of Struve et al.15) A-2. Effect on the incorporation of labeled compounds In order to examine the effects of macarbomycin on the synthesis of cellular macromolecules, the rate of incorporation of various labeled compounds into the acid-insoluble fraction of S. aureus was measured.
Incorporation of 14C-casamino acids, 3H-thymidine and 3H-uridine was only slightly inhibited by 0.2, 1.0 or 5.0^g/ml of macarbomycin. The inhibition of the incorporation during 20-minute incubation with 5^g/ml was as follows: uC-casamino acids, 22% ; 3H-thymidine, 6% ; 8H-uridine, 12%. Thus neither protein nor nucleic acid synthesis could be assumed to be the primary site of action of the antibiotic. However, when uC-adenine was used instead of sH-thymidine or 3H-uridine, its incorporation during 20-minute incubation with 5 //g/ml marcarbomycin was inhibited by 38 % (Fig. 2) . The inhibition of incorporation of uC-adenine can be attributed to a secondary effect of macarbomycin which acts primarily on the peptidoglycan synthesis as described below. glucosamine into the acid-insoluble fraction. NAcetylglucosamine is a component of bacterial cell wall and therefore the incorporation of 14C-Nacetylglucosamine was thought to be an index for the synthesis of cell wall. Macarbomycin inhibited markedly and quickly the incorporation of this precursor and the degree of inhibition was as much as 65% after 20-minute incubation at 5/zg/ml of the antibiotic.
It should be noticed that the inhibition was already significant as early as 5minutes. The highest concentration shown in Fig. 3 is 5 //g/ml, but no greater extent of inhibition was observed at concentrations of macarbomycin up to lOO^g/ml, when the incubation period was limited to 20minutes. At 0.2jugIml, the degree of inhibition was about a half of that observed at 5jug/ml.
There was apparent inhibition at a level as low as 0.05jug/ml. These concentrations correspond to the minimuminhibitory concentration of macarbomycin against the growth of this organism, 0.05~0.2 /zg/ml, as determined by the broth dilution method. These results strongly suggested that the primary site of action of macarbomycin is cell wall synthesis.
When uC-N-acetylglucosamine was replaced by the equivalent amount of 14C-glucosamine, there was no incorporation of the radioactivity into the acidinsoluble fraction, although the data are not shown here. It is thought that N-acetylglucosamine was preferentially used lor cell wall biosynthesis. The evolution ol 14UU2 during incubation with uC-glucosamine, 14G-N-acetylglucosamine and 14C-glucose is shown in Table 1 together with the distribution of the radioactivity in acid-soluble and acid-insoluble fractions.
Glucosamine was metabolized only slightly and mainly remained unchanged in the medium under the experimental condition.
In S. aureus it is known that teichoic acid is a major component of cell wall, and both teichoic acid and peptidoglycan contain N-acetylglucosamine9). According to Park and Hancock10) , teichoic acid together with nucleic acid can be quantitatively extracted by heating in 5 % trichloroacetic acid at 90°C for 6 minutes, while peptidoglycan remains intact. In the experiment shown in Fig. 4 , the cells were labeled with Radioactivity is expressed as cprnxlO"3. Specific activity of both 14C-N-acetylglucosamine and 14C-glucosamine was 3. 4 /*C/ jumole. For 14C-glucose it was not known. * Whenglucose was labeled, the cells were resuspended in a glucose-free medium just prior to incubation. ** The radioactivity in this fraction coincided with standard D-glucosamine when subjected to paper-electrophoresis in a buffer of formic acid-acetic acid-water (25 : 75 : 900). The conditions for labelling was the same as in Fig. 3 
14C-N-acetylglucosamine
and then fractionated into two fractions, the hot TGA-soluble ( Fig. 4b ) and TCA-insoluble (Fig.  4a) fractions. It is obvious that macarbomycin has no effect on the synthesis of teichoic acid and inhibits preferentially the synthesis of peptidoglycan. A-3. Effect on the viability of cells
Since macarbomycin is a relatively high molecular compound and its reversible dissociation was demonstrated in another paperJ), it is possible that the antibiotic forms a micelle structure and affects the lipid layer of bacterial cell membrane. In order to check the possibility that the antibiotic might affect cell membrane in addition to the synthesis of cell wall peptidoglycan, we examined its effect on the viability of cells. Viable counts of a culture started to decrease slowly when 10 /zg/ml à"of the drug was added: It was reduced from 3.0xl08/ml to 1.0xl08/ml during 80-minute incubation. This bacteriocidal effect is very weak and it does not suggest that macarbomycin has action on cell membrane. Furthermore, the antibiotic did not cause hemolysis of red blood cells even at the concentration of 1mg/ml in contrast to other macromolecular peptide antibiotics such as gramicidin. ; total phosphorus, the method described by Ames12> ; N-acetylamino sugar, the method described by Strominger115 ; D-alanine, pyruvate was measured colorimetrically after acid hydrolysis and oxidation with D-amino acid oxidase ; Amino acids, paper chromatography after acid hydrolysis. the cells was chromatographedon Dowex-1 column. The elution pattern observed was virtually identical with that obtained with penicillin11} (Fig. 5) . Analysis of the main two peaks clearly indicated that macarbomycin also causes the accumulation of the cell wall precursors. The nucleotides, which were measured by the content of N-acetylamino sugar in the TGAextract, started to accumulate promptly on addition of the antibiotic and reached a plateau after 2-hour incubation (Fig. 6) . The relationship between the concentration of macarbomycinand the amount of accumulated nucleotides after 2-hour incubation is shown in Fig. 7 . Although the data are not shown here, the amount of accumulated nucleotides was much larger than that obtained with penicillin-treated cells. The effect of macarbomycinand vancomycin on the synthesis of peptidoglycan is shown in Fig. 9 and Fig. 10 , respectively.
B. Effect of Marcarbomycin on in vitro
Vancomycin is another polysaccharide antibiotic and is known to inhibit the synthesis of peptidoglycan17). Both antibiotics, evidently inhibited the reaction. In case of vancomycin the peptidoglycan synthesis was not appreciably affected at concentrations lower than 50//g/ml, while at or above 50jug/ml marked inhibition was observed.
On the contrary, macarbomycin showed a very sluggish dose-response curve. The antibiotic inhibited the synthesis of peptidoglycan to some extent at the concentration of as low as 0.1 jug/ml and the amount of peptidoglycan synthesized gradually decreased as the concentration of the drug was increased. However, even at a concentration of 100/zg/ml, the inhibition was not complete and a small amount of peptidoglycan was formed. Lipid intermediate formation was stimulated by lower concentrations of the antibiotics, especially by macarbomycin, and only at very high concentrations inhibition was observed* When the amount of particulate enzyme was reduced, the sensitivities of peptidoglycan synthesis to the antibiotics increased (Dotted lines in Fig. 9 and Fig. 10 ).
The effect of substrate concentration on the inhibition of peptidoglycan synthesis is shown in Table 3 . In our assay system the amount of UDP-MurNAc-L-Alaà"d-G1uà" L-Lys-14C-D-Ala-uC-D-Ala was far less than that of UDP-GluNAc, so the amount of the radioactive substrate was varied. The inhibition by vancomycin was reversed by increasing the concentration of the substrate, whereas macarbomycin inhibited the reaction to the same degree at different concentrations of the substrate. Table 4 shows the effect of cell walls on the inhibition of peptidoglycan synthesis by the antibiotics.
Additions of cell walls to the reaction mixture containing vancomycin reversed most of the inhibition by the antibiotic. On the contrary, the inhibition by macarbomycin was not reversed by the addition of cell walls. The reaction conditions were identical to those described for Fig. 8 except that the reaction was terminated after 5-hour incubation and one-fourth as muchenzymewas used. Table 5 . Effect of preincubation on the inhibition by macarbomycin FEB. 1972 The reaction conditions were identical to those described for Fig. 8 .
The data shows that macarbomycin has no affinity for cell walls in contrast to vaneomycin, and it was inferred that macarbomycin might show some affinity for peptidoglycan synthetase itself. However, as shown in Table 5 , preincubation of the participate enzyme with macarbomycin did not alter the degree of inhibition.
Neither macarbomycinnor vancomycin inhibits the growth of E. coli even at a concentration of 100 jugIml, but in vitro synthesis of peptidoglycan by the particulate enzyme obtained from the same organisms is inhibited by these antibiotics at the same concentration that is required to inhibit the enzyme from S. aureus FDA209P. The effect of marcarbomycin and vancomycin on in vitro synthesis of peptidoglycan by the particulate enzyme obtained from E. coli Y-10 is shown in Fig. ll and Fig. 12 , respectively. Again with our enzyme from E. coli Y-10, the amount of peptidoglycan synthesized was much less than that of lipid intermediate formed. The amount of released alanine was a little larger than that of peptidoglycan synthesized.
As was the case with the enzyme from S. aureus FDA209P, macarbomycin showed a much more sluggish dose-response than vancomycin. Furthermore, vancomycin inhibited the release of alanine at higher concentrations, but macarbomycin showed no effect on the release of alanine.
It is clear that macarbomycin allows carboxypeptidase to hydrolyze the radioactive substrate without concomitant synthesis of peptidoglycan.
G. Effect of Macarbomycin on the Incorporation of UG-N-
Acetylglucosamine by E. coli Strain Carrying Episomes
Macarbomycin is active against Gram-positive bacteria and shows only slight activity against E. coli. However, it was recently reported by Mitsuhashi et al. that the sensitivity of E. coli strains to macarbomycinis enhanced by an introduction of episomes such as F, R and T factors18). In order to check if enhanced sensitivity by the presence of episomes can be attributed to the inhibition of peptidoglycan synthesis, the effect of the antibiotic on the incorporation of 14C-N-acetylglucosamine into the TCA-insoluble fraction was determined. We confirmed Mitsubishi's observation. The MIG of macarbomycin against E. coli K12 W3630 was 50 jugIml and that against E. coli K12 ML3996 carrying R factor was 0.78tigjml. The latter strain was also more sensitive to vancomycin: MIG against E. coli K12 ML3996 was 12.5jug/ml and that against E. coli K12 W3630 was 100jLLg/ml.
As shown in Fig.  13 , macarbomycin showed no effect on the incorporation of uC-N-acetyl glucosamine by the strain W3630. In contrast, with the strain ML3996 the same dose caused an apparent inhibition.
Since the incorporated radioactivity does not localize solely in peptidoglycan, it is reasonable to assume that with the strain ML3996 macarbomycin would inhibit the synthesis of peptidoglycan as the primary site of action and that the presence of episome would have modified the structure of the cell surface in such a way that the antibiotic might reach the susceptible enzyme which is responsible for the synthesis of peptidoglycan* 
Discussions
Above results clearly show that macarbomycin is a specific inhibitor of peptidoglycan synthesis.
The fact that in a cell-free system the inhibition can not be reversed by the addition of cell walls or by increasing the concentration of substrate, suggests that macarbomycin binds to peptidoglycan synthetase itself, rather than to cell walls or UDP-N-acetylmuramyl pentapeptide.
Vancomycin is known to bind to cell walls and thus block the transfer of disaccharide unit from lipid intermediate to the growing point of the cell walls17>18).
Preincubation of the particulate enzyme with macarbomycin did not affect the degree of inhibition and so we have no concrete evidence of the binding of the antibiotic to peptidoglycan synthetase. Our particulate fraction contains both peptidoglycan synthetase and cell walls as the acceptor of the disaccharide unit. It is impossible to substantiate the notion that the antibiotic binds to peptidoglycan synthetase until we can solubilize the enzyme and examine the unit reactions of the polymerization of the disaccharide unit.
: Macarbomycin is known to dissociate reversibly into subunits in methanol1^This may be related to the sluggish dose response of the antibiotic, which is in a sharp contrast with vancomycin. The dissociation might occur also in water (or when the antibiotic comes in contact with the lipid molecules of the bacterial membrane) and the resulting subunits might effectively bind to or affect peptidoglycan synthetase.
The strains of E. coli carrying R factors are known to produce R pili similar to F pili, and the pili have been considered to participate in the conjugal transfer of episomes20>2l). Mitsuhashi proposed that the preferential effect of macarbomycin on the bacterial strains carrying episomes might be explained by its interaction with such specific materials as R pili on the bacterial surface18). But the detailed mechanism of the preferential inhibition awaits further studies. Studies with labeled compounds indicate that growing cells of S. aureus incorporate uC-N-acetylglucosamine far more effectively than 14C-glucosamine and that incorporation of N-acetylglucosamine can be taken as an index of peptidoglycan synthesis. 
